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Introduction {#sec001}
============

Dihydropyrimidinase catalyzes the reversible cyclization of dihydrouracil or dihydrothymine to *N*-carbamoyl-β-alanine or *N*-carbamyl-β-aminoisobutyrate in the second step of the pyrimidine degradation pathway, respectively \[[@pone.0127634.ref001],[@pone.0127634.ref002]\]. Dihydropyrimidinase, a component in the chain of pyrimidine catabolism, is also capable of detoxifying xenobiotics with an imide functional group that ranges from linear imides to heterocyclic imides \[[@pone.0127634.ref003],[@pone.0127634.ref004],[@pone.0127634.ref005]\] and organic cyclic carbonates \[[@pone.0127634.ref006]\]. These different imide-hydrolyzing enzymes from microorganisms are normally known as hydantoinase because of their role as biocatalysts in the synthesis of D- and L-amino acids for the industrial production of the precursors of antibiotics \[[@pone.0127634.ref007],[@pone.0127634.ref008]\]. Although dihydropyrimidinase and hydantoinase generally have a similar active site, their overall sequence identity and substrate specificity differ \[[@pone.0127634.ref009]\]. Thus, some bacterial hydantoinases are still named and identified as dihydropyrimidinase because of the catalytic activity toward the natural substrates dihydrouracil and dihydrothymine.

Based on their functional and structural similarities, dihydropyrimidinase, hydantoinase, imidase, allantoinase, and dihydroorotase belong to the cyclic amidohydrolase family \[[@pone.0127634.ref010]\]. Even if these enzymes have similar functions, they have relatively low amino acid sequence identity. These metal-dependent enzymes catalyze the ring-opening hydrolysis of the cyclic amide bond of each substrate in either five- or six-membered rings in the metabolism of purines, pyrimidines, and many xenobiotics ([Fig 1A](#pone.0127634.g001){ref-type="fig"}) \[[@pone.0127634.ref009],[@pone.0127634.ref011],[@pone.0127634.ref012],[@pone.0127634.ref013]\]. Almost all the active sites of dihydropyrimidinase, hydantoinase, allantoinase, and dihydroorotase contain four histidines, one aspartate, and one post-carboxylated lysine residue, which are required for metal binding and catalytic activity. The presence of a post-carboxylated lysine in hydantoinase is also required in binuclear metal center self-assembly \[[@pone.0127634.ref012]\], and it increases the nucleophilicity of the hydroxide for catalysis \[[@pone.0127634.ref014]\]. Previous studies indicated that cyclic amidohydrolases should use a nearly identical mechanism for catalysis. However, the substrate selectivity and specificity of dihydropyrimidinase, hydantoinase, allantoinase, and dihydroorotase highly differ. For example, dihydroorotase does not hydrolyze dihydropyrimidine, hydantoin, and allantoin \[[@pone.0127634.ref015]\]. Thus, whether the substrate and inhibitor of each enzyme in this family competitively inhibit dihydropyrimidinase remains unclear.

![Substrate specificity of dihydropyrimidinase.\
(A) Substrate of dihydropyrimidinase, hydantoinase, imidase, allantoinase, and dihydroorotase. Kinetic analysis of dihydropyrimidinase was carried out using (B) dihydrouracil, (C) phthalimide, and (D) 5-propyl-hydantoin as a substrate. The maximal concentration of phthalimide was limited to 1 mM due to its poor solubility. Data points are an average of 2--3 determinations within 10% error.](pone.0127634.g001){#pone.0127634.g001}

Few therapies are effective against the six antibiotic-resistant ESKAPE pathogens. The increased prevalence of beta-lactamases in *P*. *aeruginosa* and other bacteria has begun to reduce the clinical efficacy of beta-lactams against the most common opportunistic pathogen \[[@pone.0127634.ref016]\]. To date, over 800 beta-lactamases have been identified, of which at least 120 beta-lactamases have been detected in *P*. *aeruginosa* \[[@pone.0127634.ref017]\]. The development of clinically useful small-molecule antibiotics and identification of new targets in microorganisms are seminal events in the field of infectious diseases \[[@pone.0127634.ref018]\].

Flavonols belong to flavonoids, the most common group of plant polyphenols that is responsible for most of the flavor and color of fruits and vegetables \[[@pone.0127634.ref019]\]. Over 5,000 different flavonoids have been identified, many of which display structure-dependent biological and pharmacological activities \[[@pone.0127634.ref020],[@pone.0127634.ref021],[@pone.0127634.ref022]\], including antimicrobial agents \[[@pone.0127634.ref023],[@pone.0127634.ref024]\]. These natural products are safe as pharmaceuticals because they have fewer side effects for human use.

In this study, we investigated the effects of the substrates and inhibitors of allantoinase and dihydroorotase, including the flavonols myricetin, quercetin, kaempferol, and galangin, on inhibiting the catalytic activity of a putative dihydropyrimidinase from *P*. *aeruginosa* PAO1. The derivatives of myricetin, namely, dihydromyricetin and myricitrin, were further used to test the structure--inhibition relationship of dihydropyrimidinase.

Materials and Methods {#sec002}
=====================

Construction of the dihydropyrimidinase expression plasmid {#sec003}
----------------------------------------------------------

*PA0441*, the gene encoding the putative dihydropyrimidinase, was amplified by PCR using genomic DNA of *P*. *aeruginosa* genomic DNA as the template. The forward (5′-CGCGG[CATATG]{.ul}TTTGATTTACTCCTGC-3′) and the reverse (5′-TCGCA[CTCGAG]{.ul}AAAATCGAAGGCATGT-3′) primers were designed to introduce unique NdeI and XhoI restriction sites (underlined), permitting the insertion of the amplified gene into the pET21b vector (Novagen Inc., Madison, WI, USA). The DNA fragment was then inserted into pET21b to produce the plasmid pET21b-*Pa*DHT for *P*. *aeruginosa* dihydropyrimidinase expression. The expected gene product expressed by pET21b-*Pa*DHT has a C-terminal His tag, useful for purifying the recombinant protein.

Site-directed mutagenesis {#sec004}
-------------------------

The dihydropyrimidinase mutants (H59A, H61A, K150A, Y155A, H183A, H239A, S289A, D316A, and N337A) were generated according to the manufacturer's protocol (Stratagene, LaJolla, CA). The presence of the mutation was verified by DNA sequencing in each construct. The oligonucleotide primers for the preparation of mutants are shown in [Table 1](#pone.0127634.t001){ref-type="table"}.

10.1371/journal.pone.0127634.t001

###### Primers used for construction of plasmids.

![](pone.0127634.t001){#pone.0127634.t001g}

  Oligonucleotide   Primer
  ----------------- ------------------------------------------
  WT-NdeI-N         CGCGG[CATATG]{.ul}TTTGATTTACTCCTGC
  WT-XhoI-C         TCGCA[CTCGAG]{.ul}AAAATCGAAGGCATGT
  H59A-N            GGCATCGACCCC[GC]{.ul}TACCCACATGCAGTTGCCC
  H59A-C            CAACTGCATGTGGGTA[GC]{.ul}GGGGTCGATGCCGCC
  H61A-N            GACCCCCATACC[GC]{.ul}CATGCAGTTGCCCTTCATG
  H61A-C            GAAGGGCAACTGCATG[GC]{.ul}GGTATGGGGGTCGAT
  H183A-N           GCGGTGCCGACGGTG[GC]{.ul}CGCGGAGAACGGCGAA
  H183A-C           GCCGTTCTCCGCG[GC]{.ul}CACCGTCGGCACCGCGCC
  H239A-N           CTGTACCTGGTA[GC]{.ul}TATTTCCAGCCGCGAGGCG
  H239A-C           CTCGCGGCTGGAAATA[GC]{.ul}TACCAGGTACAGCGG
  K150A-N           GTGAACAGCTTC[GC]{.ul}GCACTTCATGGCCTACAAG
  K150A-C           GTAGGCCATGAAGTGC[GC]{.ul}GAAGCTGTTCACCCC
  D316A-N           ACCACCGCCACCG[C]{.ul}CCACTGCTGCTTCTGCGCC
  D316A-C           GCAGAAGCAGCAGTGG[G]{.ul}CGGTGGCGGTGGTATG
  Y155A-N           CACTTCATGGCC[GC]{.ul}CAAGAACGCCATCATGGCC
  Y155A-C           CATGATGGCGTTCTTG[GC]{.ul}GGCCATGAAGTGCTT
  S289A-N           GGCTACGTGATG[GC]{.ul}CCCGCCGTTCCGTCCCGTC
  S289A-C           GGGACGGAACGGCGGG[GC]{.ul}CATCACGTAGCCGGC
  N337A-N           TTCAGCAAGATTCCC[GC]{.ul}TGGCACGGCCGGCATC
  N337A-C           GCCGGCCGTGCCA[GC]{.ul}GGGAATCTTGCTGAAGTC

These plasmids were verified by DNA sequencing. Underlined nucleotides indicate the designated site for mutation or the restriction site.

Protein expression and purification {#sec005}
-----------------------------------

Recombinant wild-type and mutant dihydropyrimidinases were expressed and purified using the protocol described previously for hydantoinase \[[@pone.0127634.ref012]\], allantoinase \[[@pone.0127634.ref011],[@pone.0127634.ref015]\], dihydroorotase \[[@pone.0127634.ref011],[@pone.0127634.ref015]\], PriB \[[@pone.0127634.ref025],[@pone.0127634.ref026]\], DnaB \[[@pone.0127634.ref027]\], DnaT \[[@pone.0127634.ref028],[@pone.0127634.ref029]\], and SSB \[[@pone.0127634.ref030],[@pone.0127634.ref031]\]. The protein purified from the soluble supernatant by Ni^2+^-affinity chromatography (HiTrap HP; GE Healthcare Bio-Sciences, Piscataway, NJ, USA) was eluted with Buffer A (20 mM Tris-HCl, 250 mM imidazole, and 0.5 M NaCl, pH 7.9) and dialyzed against a dialysis buffer (20 mM HEPES and 100 mM NaCl, pH 7.0; Buffer B). Protein purity remained \>97% as determined by SDS-PAGE.

Enzyme assay {#sec006}
------------

A rapid spectrophotometric assay was used to determine the enzymatic activity according to a previously described protocol for hydantoinase \[[@pone.0127634.ref012]\], allantoinase \[[@pone.0127634.ref011],[@pone.0127634.ref015]\], dihydroorotase \[[@pone.0127634.ref011],[@pone.0127634.ref015]\], and imidase \[[@pone.0127634.ref003],[@pone.0127634.ref004],[@pone.0127634.ref005]\]. Dihydrouracil, 5-propyl-hydantoin, and phthalimide were used as substrates. Unless explicitly stated otherwise, dihydrouracil (2 mM) was used as the substrate in the standard assay of dihydropyrimidinase. Briefly, the decrease in absorbancy at 230, 248, and 298 nm was measured upon hydrolysis of dihydrouracil, 5-propyl-hydantoin, and phthalimide as the substrate at 25°C, respectively. To start the reaction, the purified dihydropyrimidinase (10--70 μg) was added to a 2 mL solution containing the substrate and 100 mM Tris--HCl (pH 8.0). Substrate hydrolysis was monitored with a UV/vis spectrophotometer (Hitachi U 3300, Hitachi High-Technologies, Tokyo, Japan). The extinction coefficient of each substrate was determined experimentally by direct measurement with a spectrophotometer. The extinction coefficients of dihydrouracil, 5-propyl-hydantoin, and phthalimide were 0.683 mM^-1^cm^-1^ at 230 nm, 0.0538 mM^-1^cm^-1^ at 248 nm, and 3.12 mM^-1^cm^-1^ at 298 nm, respectively. The initial rates of change were a function of enzyme concentration within the absorbance range of 0.01--0.18 min^-1^. A unit of activity was defined as the amount of enzyme catalyzing the hydrolysis of 1 μmol substrate/min, and the specific activity was expressed in terms of units of activity per milligram of enzyme. The kinetic parameters *K* ~m~ and *V* ~max~ were determined from a non-linear plot by fitting the hydrolyzing rate from individual experiments to the Michaelis--Menten equation (Enzyme Kinetics module of Sigma-Plot; Systat Software, Chicago, IL, USA).

Dissociation constants determined by fluorescence spectrophotometer {#sec007}
-------------------------------------------------------------------

The dissociation constants (*K* ~d~) of dihydropyrimidinase was determined using the fluorescence quenching method as previously described for allantoinase \[[@pone.0127634.ref015]\], dihydroorotase \[[@pone.0127634.ref015]\], and DnaB helicase \[[@pone.0127634.ref027],[@pone.0127634.ref032]\]. An aliquot of each compound was added into the solution containing dihydropyrimidinase (0.8 μM), 50 mM HEPES at pH 7.0. The decrease in intrinsic fluorescence of protein was measured at 334.5 nm upon excitation at 279 nm and 25°C with a spectrofluorimeter (Hitachi F-2700; Hitachi High-Technologies, Tokyo, Japan). At least seven data points were used to calculate each *K* ~d~. Each data point was an average of 2--3 determinants, and the difference of the determinants was within 10%. The *K* ~d~ was obtained by the equation: ΔF = ΔF~max~-*K* ~d~(ΔF/\[compound\]) (Enzyme Kinetics module of Sigma-Plot; Systat Software, Chicago, IL, USA).

Bioinformatics {#sec008}
--------------

The amino acid sequences of 497 sequenced dihydropyrimidinase homologues were aligned using ConSurf \[[@pone.0127634.ref033]\]. The model of *P*. *aeruginosa* dihydropyrimidinase was built using human dihydropyrimidinase (PDB entry: 2VR2) as a template by SWISS-MODEL (<http://swissmodel.expasy.org>) \[[@pone.0127634.ref034]\] and (PS)^2^ (<http://140.113.239.111/~ps2v2/docs.php>) \[[@pone.0127634.ref035]\]. The coordinate and topology file of the flavonoids was found in DrugBank (<http://www.drugbank.ca/>) \[[@pone.0127634.ref036]\]. Myricetin and dihydromyricetin were computationally docked into the three-dimensional model of dihydropyrimidinase by using PatchDock (<http://bioinfo3d.cs.tau.ac.il/PatchDock/>) \[[@pone.0127634.ref037]\]. The dihydrouracil-complexed structure model of *P*. *aeruginosa* dihydropyrimidinase was directly constructed by superimposing the crystal structure of the dihydrouracil-yeast dihydropyrimidinase complex (the coordinate of 2FVK). The structures were visualized by using the program PyMol.

Results {#sec009}
=======

Expression and purification of a putative dihydropyrimidinase from *P*. *aeruginosa* PAO1 {#sec010}
-----------------------------------------------------------------------------------------

The gene *PA0441* encoding putative dihydropyrimidinase was PCR-amplified using genomic DNA of *P*. *aeruginosa* PAO1 as a template. The amplified gene was then ligated into the pET21b vector for protein expression. *P*. *aeruginosa* dihydropyrimidinase was hetero-overexpressed in *E*. *coli* and purified from the soluble supernatant using Ni^2+^-affinity chromatography. Pure protein was obtained in this single chromatographic step with an elution of buffer A. Approximately 50 mg of purified protein was extracted from 1 L of a culture of *E*. *coli* cells. The mutant dihydropyrimidinases were also purified according to the same protocol used for the wild-type proteins, and yielded very similar purification results.

Metal-activated dihydropyrimidinase {#sec011}
-----------------------------------

The catalytic activity of purified dihydropyrimidinase (without any metal supplement in the culture) was not high, so some metal ions were added to the reaction mixture. [Table 2](#pone.0127634.t002){ref-type="table"} shows that the addition of 1 mM CoCl~2~, ZnCl~2~, or MnCl~2~ activated dihydropyrimidinase activity, and followed the order Co^2+^ \> Zn^2+^ \> Mn^2+^; CdCl~2~, NiCl~2~, MgCl~2~, and CaCl~2~ were not useful. We also added 1 mM CoCl~2~, the best supplement, into the bacterial culture for dihydropyrimidinase expression, and the resultant dihydropyrimidinase was purified and analyzed. The specific activity of this dihydropyrimidinase toward dihydrouracil was 5.9 ± 0.4 μmol/mg/min, a value very similar to that of the Co^2+^-activated enzyme (5.8 ± 0.5 μmol/mg/min). Thus, dihydropyrimidinase (1 mM CoCl~2~ supplemented into the bacterial culture) was used for all analyses in this study, unless explicitly stated otherwise.

10.1371/journal.pone.0127634.t002

###### Effect of metal ions on the activity of dihydropyrimidinase.

![](pone.0127634.t002){#pone.0127634.t002g}

  Metal ions added   Specific activity   Fold
  ------------------ ------------------- ------
  None               0.82 ± 0.06         1.0
  CoCl~2~            5.80 ± 0.16         7.1
  ZnCl~2~            2.90 ± 0.10         3.5
  MnCl~2~            1.72 ± 0.09         2.1
  CdCl~2~            0.74 ± 0.04         0.9
  NiCl~2~            0.91 ± 0.06         1.1
  MgCl~2~            0.82 ± 0.05         1.0
  CaCl~2~            0.82 ± 0.05         1.0

The activity of purified dihydropyrimidinase (without any metal supplement in the culture) toward dihydrouracil was analyzed by the standard assay. Metal ions were added to the reaction mixture for dihydropyrimidinase activation.

Substrate specificity and selectivity of dihydropyrimidinase {#sec012}
------------------------------------------------------------

This enzyme from microorganisms is commonly known as hydantoinase. Although the gene product of *PA0441* has been described as a dihydropyrimidinase, the substrate specificities of dihydropyrimidinase and hydantoinase may differ. For example, the recombinant hydantoinase from *Agrobacterium radiobacter* prefers 5-leucinyl-hydantoin to phthalimide and dihydrouracil (\~two orders of magnitude), as revealed by the catalytic efficiencies \[[@pone.0127634.ref012]\]. To ensure that the gene product of *PA0441* is suitably identified as a dihydropyrimidinase, we analyzed the substrate specificity of this dihydropyrimidinase toward dihydrouracil ([Fig 1B](#pone.0127634.g001){ref-type="fig"}), phthalimide ([Fig 1C](#pone.0127634.g001){ref-type="fig"}), 5-propyl-hydantoin ([Fig 1D](#pone.0127634.g001){ref-type="fig"}), allantoin, and dihydroorotate, which are typical substrates for dihydropyrimidinase, imidase, hydantoinase, allantoinase, and dihydroorotase, respectively ([Table 3](#pone.0127634.t003){ref-type="table"}). Unlike *A*. *radiobacter* hydantoinase, the catalytic efficiency of this enzyme toward dihydrouracil was higher than that toward phthalimide (fourfold) and 5-propyl-hydantoin (100-fold). Therefore, this bacterial enzyme was suitably identified as a dihydropyrimidinase, not a hydantoinase.

10.1371/journal.pone.0127634.t003

###### Apparent Michaelis--Menten constants for dihydropyrimidinase using the substrate of each enzyme in the cyclic amidohydrolase family.

![](pone.0127634.t003){#pone.0127634.t003g}

                       Dihydropyrimidinase                                   
  -------------------- --------------------- ----------- ------------------- ------
  Substrate            *V* ~max~             *K* ~m~     *V* ~max~/*K* ~m~   Fold
  Dihydrouracil        7.6 ± 0.4             0.7 ± 0.1   10.9                1.0
  Phthalimide          2.7 ± 0.6             1.0 ± 0.3   2.7                 0.25
  5-Propyl-hydantoin   1.2 ± 0.1             8.1 ± 1.5   0.15                0.01
  Allantoin            Not hydrolyzed                                        
  Dihydroorotate       Not hydrolyzed                                        

The kinetic parameters *K*m and *V*max were determined by fitting the hydrolyzing rate from individual experiments to the Michaelis--Menten equation, and then the standard errors were given.

Inhibition of dihydropyrimidinase by the substrate analogs {#sec013}
----------------------------------------------------------

Substrate analogs for any enzyme are usually potential inhibitors. Members of the cyclic amidohydrolase family have highly similar active sites, and may use the same catalytic mechanism for substrate hydrolysis \[[@pone.0127634.ref038]\]. This condition raises an interesting question as to whether the substrate and inhibitor of allantoinase and dihydroorotase can be a potential inhibitor of dihydropyrimidinase because of their structural similarity. Allantoin and dihydroorotate are not substrates for dihydropyrimidinase-catalyzed reactions ([Table 3](#pone.0127634.t003){ref-type="table"}). Allantoin and dihydroorotate are structurally similar to hydantoin and dihydrouracil, except for the 5\' side chain ([Fig 1A](#pone.0127634.g001){ref-type="fig"}). To assess whether allantoin and dihydroorotate are dihydropyrimidinase inhibitors, allantoin and dihydroorotate were individually included in the standard assay using 5-propyl-hydantoin ([Fig 2A](#pone.0127634.g002){ref-type="fig"}) or dihydrouracil ([Fig 2B](#pone.0127634.g002){ref-type="fig"}) as a substrate. Allantoin and dihydroorotate only slightly inhibited the activity of dihydropyrimidinase. Thus, substrates of other cyclic amidohydrolase may not be strong inhibitors of dihydropyrimidinase.

![Effect of the substrate and the inhibitor of allantoinase or dihydroorotase on the activity of dihydropyrimidinase using (A) 5-propyl-hydantoin or (B) dihydrouracil as a substrate.\
Acetohydroxamate and 3-amino-1,2,4-triazole solutions, whose pH values, were pre-adjusted to pH 8. When using dihydrouracil as a substrate, some compounds at high concentrations were difficult to determine the inhibitory effect on the activity of dihydropyrimidinase using the spectrophotometric assay at 230 nm.](pone.0127634.g002){#pone.0127634.g002}

To assess whether inhibitors or substrate analogs of allantoinase and dihydroorotase can be inhibitors of dihydropyrimidinase, 5-hydantoin acetic acid, acetohydroxamate, and orotic acid were used in this study. Similarly, 5-hydantoin acetic acid and acetohydroxamate (an inhibitor of allantoinase) could only slightly inhibit the activity of dihydropyrimidinase ([Fig 2](#pone.0127634.g002){ref-type="fig"}). We also tested whether inhibitors of the metalloenzyme glutaminyl cyclase, namely, N-ω-acetylhistamine, 3,5-diamino-1,2,4-triazole, and 3-amino-1,2,4-triazole \[[@pone.0127634.ref039],[@pone.0127634.ref040]\], are potential inhibitors of dihydropyrimidinase, in which 3-amino-1,2,4-triazole at 100--750 mM affected enzyme activity ([Fig 2](#pone.0127634.g002){ref-type="fig"}). High concentrations of these compounds were required to obtain significant inhibition of dihydropyrimidinase. Thus, inhibitors or substrate analogs of allantoinase, dihydroorotase, and glutaminyl cyclase were not potent inhibitors of dihydropyrimidinase.

To compare the inhibitory capability of these compounds on dihydropyrimidinase, their IC~50~ values, the inhibitory concentration required to reduce the activity of the enzyme by 50%, were determined and compared. The IC~50~ values of dihydroorotate, 5-hydantoin acetic acid, and acetohydroxamate were around 30, 50, and 500 mM, respectively. The IC~50~ values of these substrate and inhibitor analogs of other cyclic amidases for dihydropyrimidinase were within the millimolar range.

Use of flavonoids in dihydropyrimidinase inhibition {#sec014}
---------------------------------------------------

Substrate analogs for any enzyme are usually potential inhibitors, but this common assumption was not present in this study of dihydropyrimidinase. Given broad substrate specificity, the active site of dihydropyrimidinase can accommodate many different substrates. Therefore, substrate analogs cannot be specifically recognized and cannot significantly inhibit its activity. Although we found that dihydroorotate, 5-hydantoin acetic acid, and acetohydroxamate inhibited dihydropyrimidinase activity, their IC~50~ values were at the millimolar range and higher than the *K* ~m~ values of dihydropyrimidinase, which were insufficient as potent inhibitors. To determine whether a naturally occurring product is an inhibitor of dihydropyrimidinase, the inhibitory capabilities of the flavonols myricetin (with three hydroxyl substituents on the aromatic ring), quercetin (with two hydroxyl substituents on the aromatic ring), kaempferol (with one hydroxyl substituent on the aromatic ring), and galangin (without hydroxyl substituent on the aromatic ring) were tested. Furthermore, to study the structure--inhibition relationship with dihydropyrimidinase, the derivatives of myricetin, namely, dihydromyricetin (the ring does not contain a double bond but has additional two hydrogen atoms) and myricitrin (the ring is fused to an additional sugar block), were further used and tested ([Fig 3A](#pone.0127634.g003){ref-type="fig"}).

![Inhibition of dihydropyrimidinase by flavonoids.\
(A) Molecular structure of myricetin, dihydromyricetin, and myricitrin. (B) IC~50~ determination of flavonoids for dihydropyrimidinase using dihydrouracil as a substrate. (C) IC~50~ determination of flavonoids for dihydropyrimidinase using 5-propyl-hydantoin as a substrate. IC~50~ value for dihydropyrimidinase was directly determined using graphic analysis.](pone.0127634.g003){#pone.0127634.g003}

Identification of flavonol inhibition of dihydropyrimidinase {#sec015}
------------------------------------------------------------

Flavonols are known to have antioxidant \[[@pone.0127634.ref020]\], antiradical \[[@pone.0127634.ref022]\], and antibacterial properties \[[@pone.0127634.ref023],[@pone.0127634.ref024]\]. Myricetin, quercetin, kaempferol, and galangin at different concentrations were included in the standard assay, and their IC~50~ values were determined and compared to determine whether flavonols inhibit dihydropyrimidinase. Generally, the activities of dihydropyrimidinase toward dihydrouracil ([Fig 3B](#pone.0127634.g003){ref-type="fig"}) and 5-propyl-hydantoin ([Fig 3C](#pone.0127634.g003){ref-type="fig"}) continued to decrease as the concentrations of the compound increased. However, these compounds caused distinct effects when different substrates were used. When dihydrouracil was used as a substrate, the inhibitory effects of myricetin and kaempferol on the activity of dihydropyrimidinase were significant; however, kaempferol only slightly inhibited the activity of dihydropyrimidinase toward 5-propyl-hydantoin ([Fig 3C](#pone.0127634.g003){ref-type="fig"}). The effect of quercetin was insignificant. Overall, myricetin was found to strongly inhibit the hydrolysis of both dihydrouracil and 5-propyl-hydantoin catalyzed by dihydropyrimidinase.

We further tested whether dihydromyricetin and myricitrin ([Fig 3A](#pone.0127634.g003){ref-type="fig"}), derivatives of myricetin, can be inhibitors of dihydropyrimidinase. No effect was found when myricitrin was added into the standard assay using dihydrouracil and 5-propyl-hydantoin as substrates of dihydropyrimidinase. However, opposite to myricitrin, dihydromyricetin exhibited a significant inhibitory effect on the activities of dihydropyrimidinase for both substrates, even more than myricetin did ([Fig 3B and 3C](#pone.0127634.g003){ref-type="fig"}). The IC~50~ values of dihydromyricetin for dihydropyrimidinase determined from the titration curves using dihydrouracil and 5-propyl-hydantoin were 48 ± 2 and 40 ± 2 μM, respectively; myricetin yielded higher values of 83 ± 3 and 63 ± 3 μM, respectively. Based on the IC~50~ values, the order of the inhibitory capability of the flavonoids for dihydrouracil was as follows: dihydromyricetin \> kaempferol \> myricetin \> galangin \> quercetin \> myricitrin. Moreover, the order of the inhibitory capability of the flavonoids for 5-propyl-hydantoin was as follows: dihydromyricetin \> myricetin \> galangin \> kaempferol \> quercetin \> myricitrin. Thus, for the first time, flavonols, especially dihydromyricetin, were established as novel inhibitors of dihydropyrimidinase. In addition, the inhibitory capabilities of these flavonols (at the μM range) were significantly higher than those of the substrate and inhibitor analogs (at the mM range) of dihydropyrimidinase.

Structural modeling of dihydropyrimidinase {#sec016}
------------------------------------------

To study the structure--inhibition relationship between dihydropyrimidinase and the flavonoids in silico, the structure of dihydropyrimidinase was modeled and used for docking experiments. The crystal structure of *P*. *aeruginosa* dihydropyrimidinase has yet to be determined. We modeled the *P*. *aeruginosa* dihydropyrimidinase structure ([S1 Fig](#pone.0127634.s001){ref-type="supplementary-material"}) by homology modeling using SWISS-MODEL (<http://swissmodel.expasy.org/>) \[[@pone.0127634.ref034]\]. Human dihydropyrimidinase (PDB entry: 2VR2) was the first hit suggested as a template by the program. The amino acid sequences of human (with 519 aa) and *P*. *aeruginosa* dihydropyrimidinase (with 479 aa) shared 51% identity and 66% similarity ([S2 Fig](#pone.0127634.s002){ref-type="supplementary-material"}). We also used (PS)^2^, another bioinformatic tool, for structural modeling \[[@pone.0127634.ref035]\]. (PS)^2^ (<http://140.113.239.111/~ps2v2/docs.php>) is an automatic homology modeling server that combines both sequence and secondary structure information to detect the homologous proteins with remote similarity and target--template alignment. Human dihydropyrimidinase was also the first hit suggested as a template by (PS)^2^ because it had the highest score. Results obtained from (PS)^2^ analysis indicated that 99.58% of the secondary structure was aligned, which implied that human and *P*. *aeruginosa* dihydropyrimidinase shared a highly similar structure ([S3 Fig](#pone.0127634.s003){ref-type="supplementary-material"}).

Mutational analysis of the residues within the active site {#sec017}
----------------------------------------------------------

According to the crystal structure of *Saccharomyces kluyveri* (PDB entry: 2FVK) \[[@pone.0127634.ref041]\] and *Sinorhizobium meliloti* dihydropyrimidinases (PDB entry: 3DC8) \[[@pone.0127634.ref042]\], residues H59, H61, K150, H183, H239, and D316 of *P*. *aeruginosa* dihydropyrimidinase were crucial for the assembly of the binuclear metal center within the active site; meanwhile, residues Y155, S289, and N337 were crucial for substrate binding ([Fig 4A](#pone.0127634.g004){ref-type="fig"}). The amino acid sequences of 497 sequenced dihydropyrimidinase homologs aligned using ConSurf \[[@pone.0127634.ref033]\] indicated that these residues were well conserved ([Fig 4B](#pone.0127634.g004){ref-type="fig"}). The importance of these residues was then probed by site-directed mutagenesis, in which alanine substitution was constructed and analyzed. As expected, the catalytic activities of these Ala-substituted mutant proteins were severely impaired. H59A, H61A, K150A, H183A, H239A, D316A, Y155A and S289A were inactive. Only N337A mutant protein was found to be active, but its activity was about 20-fold less than that of the wild-type dihydropyrimidinase.

![The active site of dihydropyrimidinase.\
(A) The active site of *P*. *aeruginosa* dihydropyrimidinase. According to the crystal structure of *Saccharomyces kluyveri* (PDB entry: 2FVK), residues H59, H61, K150, H183, H239, and D316 of *P*. *aeruginosa* dihydropyrimidinase shown in yellow were crucial for the assembly of the binuclear metal center within the active site; meanwhile, residues Y155, S289, and N337 shown in limon were crucial for substrate binding. The model was directly constructed by superimposing the modeled structure of *P*. *aeruginosa* dihydropyrimidinase with the crystal structure of *S*. *kluyveri* dihydropyrimidinase-dihydrouracil complex. Dihydrouracil generated from the complex is shown in light magenta. (B) An alignment consensus of 497 sequenced dihydropyrimidinase homologs by ConSurf reveals the degree of variability at each position along the primary sequence. Note that the positions involved in the assembly of the binuclear metal center within the active site and the substrate binding of *P*. *aeruginosa* dihydropyrimidinase are well conserved.](pone.0127634.g004){#pone.0127634.g004}

Structural models of the binding mode of dihydropyrimidinase to dihydromyricetin and myricetin {#sec018}
----------------------------------------------------------------------------------------------

To understand the inhibitory mechanism of dihydromyricetin and myricetin on dihydropyrimidinase, their structures found in the DrugBank (<http://www.drugbank.ca/>) \[[@pone.0127634.ref036]\] were computationally docked into the 3D model of *P*. *aeruginosa* dihydropyrimidinase using PatchDock (<http://bioinfo3d.cs.tau.acil/PatchDock/>) \[[@pone.0127634.ref037]\]. Docking was automatically performed after uploading the coordinates and topology files of the compound and dihydropyrimidinase. The docking models with the highest score in dihydropyrimidinase interacting with dihydromyricetin and myricetin are shown in [Fig 5](#pone.0127634.g005){ref-type="fig"}. Although dihydromyricetin and myricetin were docked into the active site pocket of dihydropyrimidinase, their binding modes differed. On one hand, dihydromyricetin interacted with I95, S289, and D316 ([Fig 5A](#pone.0127634.g005){ref-type="fig"}), in which S289 and D316 were found to be crucial for the catalytic activity of dihydropyrimidinase. On the other hand, myricetin interacted with N157, Q194, R212, and N337, in which only N337 was crucial. This docking study showed that myricetin only partially occupied the dihydropyrimidinase active site. The ring structure of dihydromyricetin was more flexible than that of myricetin ([Fig 5](#pone.0127634.g005){ref-type="fig"}) because of lacking the double bond on its ring ([Fig 3A](#pone.0127634.g003){ref-type="fig"}).

![Representation of the docking models of the dihydropyrimidinase complex from PatchDock.\
(A) The binding mode of dihydropyrimidinase to dihydromyricetin. Dihydromyricetin interacted with I95 (light pink), S289 (limon), and D316 (yellow) of dihydropyrimidinase, in which S289 and D316 were found to be crucial for the catalytic activity of dihydropyrimidinase. (B) The binding mode of dihydropyrimidinase to myricetin. Myricetin interacted with N157 (light pink), Q194 (light pink), R212 (light pink), and N337 (limon), in which N337 was found to be crucial for the catalytic activity of dihydropyrimidinase.](pone.0127634.g005){#pone.0127634.g005}

Dihydromyricetin is a competitive inhibitor of dihydropyrimidinase {#sec019}
------------------------------------------------------------------

We identified dihydromyricetin as a potent inhibitor with an IC~50~ value of 48 μM on dihydropyrimidinase. To determine what type of inhibitor dihydromyricetin is, this compound (40 μM) was included in the standard assay for dihydropyrimidinase with different concentrations of dihydrouracil. As shown in [Fig 6](#pone.0127634.g006){ref-type="fig"}, inhibition of dihydropyrimidinase by dihydromyricetin resulted in Lineweaver−Burk plots with lines that crossed the y-axis at a similar point, which indicated that dihydromyricetin was a competitive inhibitor of dihydropyrimidinase. The presence of 40 μM dihydromyricetin yielded *V* ~max~ and *K* ~m~ values, kinetic constants, of 5.4 ± 0.4 μmol/mg/min and 1.6 ± 0.2 mM, respectively. Without dihydromyricetin, the kinetic constants *V* ~max~ and *K* ~m~ were 7.6 ± 0.4 μmol/mg/min and 0.7 ± 0.1 mM, respectively ([Table 3](#pone.0127634.t003){ref-type="table"}). The *K* ~m~ value obviously increased by twofold, whereas *V* ~max~ was only slightly affected. These findings indicated the competitive inhibition of dihydropyrimidinase by dihydromyricetin; specifically, dihydromyricetin could compete with dihydrouracil for the active site of dihydropyrimidinase \[[@pone.0127634.ref043]\].

![Dihydromyricetin is a competitive inhibitor for dihydropyrimidinase.\
Kinetic study of dihydropyrimidinase with (open circles) and without dihydromyricetin (close circles). Inhibition of dihydropyrimidinase by dihydromyricetin (40 μM) resulted in Lineweaver--Burk plots where the lines are cross the y-axis at the similar point, indicating that dihydromyricetin is a competitive inhibitor for dihydropyrimidinase. Data points are an average of 2--3 determinations within 10% error.](pone.0127634.g006){#pone.0127634.g006}

*K* ~d~ values of dihydropyrimidinase bound to dihydromyricetin and myricetin {#sec020}
-----------------------------------------------------------------------------

To determine whether the inhibitory capabilities of myricetin and dihydromyricetin are correlated with their binding abilities, the dissociation constants (the *K* ~d~ values) of dihydropyrimidinase for myricetin and dihydromyricetin were determined through fluorescence quenching. Quenching refers to the complex formation process that decreases the fluorescence intensity of the protein. The fluorescence emission spectra of dihydropyrimidinase were remarkably quenched with dihydromyricetin ([Fig 7A](#pone.0127634.g007){ref-type="fig"}) and myricetin ([Fig 7B](#pone.0127634.g007){ref-type="fig"}). Upon adding 50 μM myricetin and dihydromyricetin, the intrinsic fluorescence of dihydropyrimidinase was quenched by 56.2% and 89.1%, respectively. As shown in [Fig 7B](#pone.0127634.g007){ref-type="fig"}, adding different concentrations of myricetin resulted in a red shift (\~7 nm; λ~max~ = 333.5--340.5 nm) in the dihydropyrimidinase emission wavelength (λ~em~). Adding dihydromyricetin also caused a red shift in the dihydropyrimidinase emission wavelength ([Fig 7A](#pone.0127634.g007){ref-type="fig"}), which was much more significant (\~25 nm; λ~max~ = 333.5--358.5 nm). These observations indicated that myricetin and dihydromyricetin interacted with dihydropyrimidinase, thereby suggesting that myricetin and dihydromyricetin could form stable complexes with dihydropyrimidinase. The *K* ~d~ values of dihydropyrimidinase bound to myricetin and dihydromyricetin, as determined through their titration curves ([Fig 7C](#pone.0127634.g007){ref-type="fig"}), were 28.8 ± 2.2 and 22.6 ± 2.6 μM, respectively.

![The fluorescence emission spectra of dihydropyrimidinase.\
The decrease in intrinsic fluorescence of protein was measured at 334.5 nm upon excitation at 279 nm and 25°C with a spectrofluorimeter. (A) The fluorescence emission spectra of dihydropyrimidinase with dihydromyricetin of different concentrations (0--50 μM). The fluorescence intensity emission spectra of dihydropyrimidinase significantly quenched with dihydromyricetin. (B) The fluorescence emission spectra of dihydropyrimidinase with myricetin of different concentrations (0--50 μM). The fluorescence intensity emission spectra of dihydropyrimidinase significantly quenched with myricetin. (C) Fluorescence titrations of dihydromyricetin and myricetin with dihydropyrimidinase. An aliquot amount of dihydromyricetin and myricetin was individually added to the enzyme solution for each *K* ~d~. The *K* ~d~ was obtained by the equation: ΔF = ΔF~max~-*K* ~d~(ΔF/\[compound\]). Data points are an average of 2--3 determinations within 10% error.](pone.0127634.g007){#pone.0127634.g007}

*K* ~d~ values of the N337A mutant bound to dihydromyricetin and myricetin {#sec021}
--------------------------------------------------------------------------

Our in silico experiments showed that myricetin and dihydromyricetin may use different modes to bind to dihydropyrimidinase ([Fig 5](#pone.0127634.g005){ref-type="fig"}). These different possible binding modes were also revealed by the distinct fluorescence quenching spectra, in which their λ~max~ shifts differed significantly ([Fig 7](#pone.0127634.g007){ref-type="fig"}). The docking study showed that N337 interacted with the hydroxyl group on the ring of myricetin, but not dihydromyricetin. Thus, fluorescence quenching of the N337A mutant was also carried out to test whether this residue is important for myricetin binding, but not for dihydromyricetin. Myricetin and dihydromyricetin quenched the intrinsic fluorescence of dihydropyrimidinase by 58.4% and 86.3%, respectively ([Fig 8](#pone.0127634.g008){ref-type="fig"}). Adding myricetin and dihydromyricetin resulted in red shifts in λ~max~ of the N337A mutant from 333.5 nm to 341 nm (\~7.5 nm) and 357 nm (\~23.5 nm), respectively. The λ~max~ shifts of the N337A mutant by myricetin and dihydromyricetin were similar, but still slightly different, to those of the wild-type dihydropyrimidinase ([Fig 7](#pone.0127634.g007){ref-type="fig"}). The *K* ~d~ value of the N337A mutant bound to myricetin ([Fig 8C](#pone.0127634.g008){ref-type="fig"}), compared with that of the wild-type dihydropyrimidinase, was reduced to 59.3 ± 8.6 μM (twofold). However, the *K* ~d~ value of the N337A mutant for dihydromyricetin binding was 24.1 ± 1.7 μM, a value nearly identical to that of the wild-type dihydropyrimidinase, which suggested that N337 was important for myricetin binding but not for dihydromyricetin. These observations indicated that myricetin and dihydromyricetin could still form stable complexes with the N337A mutant, but the binding environment of the active site within the N337A mutant was somewhat different from that of the wild-type protein.

![The fluorescence emission spectra of the N337A mutant.\
(A) The fluorescence emission spectra of the N337A mutant with dihydromyricetin of different concentrations (0--50 μM). (B) The fluorescence emission spectra of the N337A mutant with myricetin of different concentrations (0--50 μM). (C) Fluorescence titrations of dihydromyricetin and myricetin with the N337A mutant. An aliquot amount of dihydromyricetin and myricetin was individually added to the enzyme solution for each *K* ~d~. The *K* ~d~ was obtained by the equation: ΔF = ΔF~max~-*K* ~d~(ΔF/\[compound\]). Data points are an average of 2--3 determinations within 10% error.](pone.0127634.g008){#pone.0127634.g008}

Discussion {#sec022}
==========

Substrate analogs for any enzyme are usually potential inhibitors, but this common rule is not applicable for dihydropyrimidinase ([Fig 2](#pone.0127634.g002){ref-type="fig"}). Combating diseases caused by infections resistant to all antibacterial options requires the development of clinically useful small-molecule antibiotics and identification of novel targets. DNA metabolism is one of the most basic biological functions that should be a prime target in antibiotic development. Considering that dihydropyrimidinase is a component in the chain of pyrimidine catabolism required for metabolizing the DNA base, blocking this enzyme's activity may be useful to limit bacterial growth and survival. Although some chelators are known to inhibit dihydropyrimidinase, they are harmful to humans. In this study, we showed that dihydromyricetin, a flavonol, significantly inhibited the catalytic activities of dihydropyrimidinase toward both the natural substrate dihydrouracil and xenobiotic substrate 5-propyl-hydantoin ([Fig 3](#pone.0127634.g003){ref-type="fig"}). Furthermore, the metabolic effects and safety of the flavonols are well established, making flavonols beneficial for humans. Thus, some of these plant polyphenols may become the lead compounds for further antibiotic development and drug design.

We found that the flavonols myricetin, quercetin, kaempferol, and galangin, which contain different numbers of hydroxyl substituents on their aromatic rings, exerted different inhibitory effects on dihydropyrimidinase ([Fig 3](#pone.0127634.g003){ref-type="fig"}). Although flavonols are known to have several hydroxyl groups, thought to have remarkable potential for binding any protein, the strength of the flavonols' inhibitory effect (IC~50~) on dihydropyrimidinase was not correlated with the number of hydroxyl substituents on the flavonols' aromatic rings. In addition, the inhibitory effect (IC~50~) of flavonols on dihydropyrimidinase was substrate-dependent. For example, as shown in [Fig 3](#pone.0127634.g003){ref-type="fig"}, the inhibitory effect of kaempferol on the activity of dihydropyrimidinase was significant only with dihydrouracil as a substrate (with IC~50~ value of 50 ± 2 μM), but not with 5-propyl-hydantoin. Although our docking results ([Fig 5](#pone.0127634.g005){ref-type="fig"}) and the findings of the kinetic studies ([Fig 6](#pone.0127634.g006){ref-type="fig"}) both showed a competitive inhibition of the flavonol dihydromyricetin on dihydropyrimidinase, further structure--inhibition relationship studies are still needed for deeper understanding of the inhibition mechanism, particularly because we are still unsure whether each enzyme only contains a single dihydromyricetin within the active site of dihydropyrimidinase.

Flavonoids are the most common group of plant polyphenols with antioxidant, antiradical, anticancer, and antibacterial properties \[[@pone.0127634.ref019]\]. Some flavonoids are ATPase-inhibiting agents and competitors for ATP-binding proteins \[[@pone.0127634.ref027],[@pone.0127634.ref032]\]. For example, several flavonoid derivatives have been developed as therapeutic agents for cancer \[[@pone.0127634.ref021]\]. Myricetin and scutellarein strongly inhibit the ATPase activity of nsP13 of the SARS coronavirus helicase \[[@pone.0127634.ref044]\]. Myricetin, luteolin, and morin inhibit the hexameric replicative helicases, and myricetin inhibits Gram-negative bacteria growth \[[@pone.0127634.ref045]\]. Myricetin also inhibits bacterial allantoinase and dihydroorotase \[[@pone.0127634.ref015]\]. Given that myricetin is also a potent inhibitor of numerous DNA and RNA polymerases and telomerases \[[@pone.0127634.ref046]\], these flavonoids, especially myricetin, may be a competent dirty drug or multi-target drug \[[@pone.0127634.ref043]\].

Dihydropyrimidinase is a zinc enzyme. However, in this study, dihydropyrimidinase supplemented with Co^2+^ ions exhibited the highest activity ([Table 2](#pone.0127634.t002){ref-type="table"}). Due to the low bioavailability of cobalt on earth and in cells, we thought that the possibility of a biological role playing in dihydropyrimidinase may be ruled out. The higher activity of the Co^2+^-substituted enzymes has been proposed. The higher activity followed by metal replacement in Co(II)-thermolysin than in native thermolysin may be due to the enhancement of stabilization of the transition state than those of the native thermolysin \[[@pone.0127634.ref047]\]. For imidase, the sizes of the metal are found as the important factors that affect the activity of imidase \[[@pone.0127634.ref004]\]. The position of nucleophilic attack on an imide substrate may fluctuate due to size of the coordinating metal ion. Because the crystal structure of the Co^2+^-dihydropyrimidinase is still lacking, both these possibilities cannot be ruled out.

The chemical mechanism of the binuclear metal center-containing amidohydrolase likely involves three steps: (1) the hydrolytic water molecule must be activated for nucleophilic attack, (2) the amide bond of the substrate must be made more electrophilic by the polarization of the carbonyl--oxygen bond, and (3) the leaving group nitrogen must be protonated as the carbon-nitrogen bond is cleaved \[[@pone.0127634.ref038],[@pone.0127634.ref048]\]. This catalytic mechanism is applicable to each member in the cyclic amidohydrolase family \[[@pone.0127634.ref041],[@pone.0127634.ref048],[@pone.0127634.ref049]\]. However, a question remains as to why a common mechanism-based inhibitor for these imide-hydrolyzing enzymes, such as imidase, hydantoinase, dihydropyrimidinase, allantoinase, and dihydroorotase, is difficult to find. New and undetermined factors should be further studied and discovered in this protein family, such as the third metal ion recently found in dihydroorotase, which was found to be highly important for catalysis \[[@pone.0127634.ref050],[@pone.0127634.ref051]\]. Further studies are also necessary to investigate the substrate specificity, selectivity, and catalytic mechanism of dihydropyrimidinase and hydantoinase, as well as other cyclic amidohydrolases.

Supporting Information {#sec023}
======================

###### Structure modeling of *P*. *aeruginosa* dihydropyrimidinase by SWISS-MODEL.

*P*. *aeruginosa* dihydropyrimidinase structure was modeled using SWISS-MODEL and human dihydropyrimidinase (PDB entry: 2VR2) as a template. The amino acid residue 3−479 in the modeled structure of *P*. *aeruginosa* dihydropyrimidinase (limon) was superimposed with the amino acid residue 5−493 in the crystal structure of human dihydropyrimidinase (gray). A tetrameric structure of human dihydropyrimidinase was shown.

(TIF)

###### 

Click here for additional data file.

###### The sequence alignment.

The amino acid sequence of *P*. *aeruginosa* dihydropyrimidinase (Query) was aligned with human dihydropyrimidinase (Sbjct). The amino acid sequences of human (with 519 aa) and *P*. *aeruginosa* dihydropyrimidinase (with 479 aa) share 51% identity and 66% similarity.

(TIF)

###### 

Click here for additional data file.

###### Structure analysis of *P*. *aeruginosa* dihydropyrimidinase by (PS)^2^.

Result from (PS)^2^ analysis showed that 99.58% of the secondary structure is aligned, indicating a highly similar structure between human and *P*. *aeruginosa* dihydropyrimidinase.

(TIF)

###### 

Click here for additional data file.
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